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IABSTRACT

A computer program is described that determines the optical constants of

silver sulfide tarnish film,, on an opaque silver substrte. The program uses data

from normal incidence reflectance measurements taken on two films of different

thicknesses on silver. The sulfide film thicknesses were measured ellipsometrically.
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FOREWORD

The development and continued improvement of target-acquisition and missile-guidance
systems for Fleet use are areas of special interest to the Navy. In support of these interests,
the Naval Weapons Center (NWC) is conducting research projects in the fields of infrared and
ultraviolet detection, so!id sta',e physics, and optics. To provide better optical
target-acquisition and guidance systems, improvements aie required either in systems
sensitivity or in operatirg wavelength range. NWC's research efforts have been directed
toward the production of improved detectors and optical ek ments.

One of the principal efforts in the optics field has betn the study of corrosion films
on metal surfaces. Since silver has the highest reflectance of any metal in the visible and
intrared spectrum, the tarnish layer that forms on silver surfaces is of special concern. During
studies conducted at NWC to investigate the growth of silver sulfide tarnish films on silver, it
became nucessary to obtain thc optical constants of the tarnish films. However, since the
films could not be removed from the substrate, conventional methods used to determine
these constants were not applicablc. Consequently, a computer program was developed to
determie the optical constants of films on opaque substrates by using input datL obtained
from normal incidence reflectance measurements on two films of different thicknesses. This
computer program is described in the included reprint of an article published in Applied
Optics, Vol. 8, 'No. II (November 1969), pp. 2366-68.

The work reported was supported by Independent Research Funds provided by the
Naval Material Command, Director of Laboratory Programs, under Project No. ZR 0O101,
Technical Area No. 0110101.
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Copyright 1969 by the Optical Society of America and reprinted by permission of the copyright owner

Computer Program for Determining Optical film thickness, normal incidence front surface reflectance, and

Constants of a Film on an Opaque Substrate transmittance of the film on the substrate.6 The program des-

cribed in this letter is independent of the R, T, and t modification,
Jean M. Bennett and Maxine J. Booty although it uses some of the same logic and iterative techniques.

Michelson Laboratory, China Lake, California 93555. The addition to the multilayer film program which is required

Received 1 July 1969. for I he new calculational method is shown in the flow diagram in
Fig. 1. The reflectance R, of the opaque substrate is first calcu-

In the course of studying the growth of silver sulfide tarnish lated using assumed optical constants for the substrate material.
films on silver,' we needed to know their optical constants, (For silver, the solutioi is not very sensitive to the values chosen.)
n-jk. The films were under 100-A thick and could not be re- Trial value.: of n and k for the film are then taken along with the
moved from the silver, so that we were unable to use the method film thickness 1, and the reflectance R, is calculated for the film
of determining n and k froin the nmeasured reflectance R, trans- on the opaque substrate. Ilt is subtracted from R, and a quan-
m1 ftance T, and filma thickness I. We thus decided to try to tity called Ak1 , is obtained. A second quantity, ARa, for a
oi tcin the optical constants from normal incidence reflectance film of tiickness it is obtained in an atallgows manner. These
measurements ,n two silver sulfide films of differeni thicknesses Af's should be directly comparable with the measured quantities
on silver where the sulfide thicknesses were measured ellipso- A1?ii and AfR2i obtained by subtracting the measured reflectance
metrically.1 This involved an addition to our multilayer film of a film-covered opaque substrate from the reflecmtnce of the
compiter program which will be described in this letter, film-free subst rate.

The basic multilayer film program' calculates reflectance, trans- The major portion of the new program ConsiStrs of changing
mittance, a:d phase change on reflection of a substrate covered n and k for the films in such a way that Aht1 = At:, and ARt, =
with one or more films of known thickness and optical constants, AR2j. Since t here are two measured quantities, Ale,, and Alsi,
when the oilthval conslants of the substrate are also supplied, and two unknow is, n and k for the films, in principle a unique
This program was previously modified to obtain n and b for a solution should exist if both films have the same optical constants.
film given the refractive index of the (transparent) substrate, (In practice there are experimental difficulties which prevent
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constats of a firsi on an) tilaqile slihetralP. ltr)Tedtie anri hc h erhruiepo
ceedsc can be summarized as follows. From the trial values of
in and k for the films, a range of values of no is selected (-enterinlg
(on the trial no value. Wit~h k fiteld fixed, aRl. is talcutlated for sdl
the n values selected, and the fl saved which gives a A,, closest
Sn Ila, , (i.e., smallest I)IFi-see Fig. I). Using this ns, the trial
value of k is now varied over aselected range and the kgivinlg the

36CIt ' smallest DIF, is retained. Using this new pair of n and k values,
A the program shifts to the second film of thickness ti ard repeats

the process, obtaining a different pair of ns and k values which
yield the smallest DI F2. The preceding process is called cycle I.
Cycle 11 consists of a repeat of cycle I starting with the jutst-

32 C I'determined ns and k, only letting the allowed ranges of values of

n stfi k lie exactly half the allowed raniges for cycle 1. C.,cle Ill
' :.-' - sis it repeat of cycle 11 with the allowed raniges again cutt iTI half.

~ . ~ If She allowed ranges of n's still k's are properly chosen, t lie

- -program should converge on asingle 'air of values which satisfy

=0). However, if the ranige (if n's is too large, Al?,, c-an lie miade
letual to AR,, by simply changing n (k not required to change).
In this situtation, when going to AR,, n may change to a different,

2.value, still without requiring k to change. In cycles 11 and III,
the major portions of the changes may again be made by n,

L iso that there appear to be two discrete valuies of n correspondng
to film thicknesses t, and 11. If this; sit tat ion (ccuris, the allowed
range of n should be made smaller so that kc will also have to

~ 1 change. If discrete solutions for ns are foun~d for the two films
o.: ever, though kc is alliowed to change, the two films may acturally

have different optical constants.
031 If AR1, and AR 1 are exact arid the two films have the same

3500 4000 4500 5000 optical constants, the calculated n and kc values will be unliqu~e.

WAICINGH1 t1 However, if the AM's; contain experimental measurinig eimors, a
WAVC(NGN ~series of solutions for nand k will be obtained where the range of

Fig. 2. Itarlge of n and kc values which give AU's within values will depend on the percentage uncertainly in the AR's.
10.W1t of the inpuit values for films of t hicknesses, 22.5 A anid 38l A, As an example, cons4ider the following problemn. For twii films of
respectively. The short-dashed n curve goes with the short- silver sulfide on silver (thicknesses 22.5 A and 38 A1, retspecTively)
dashed k curve arid the long-dashed ns arid k curves similarly go we have measured values of AR, and ak, which we will uise as

together. iniputs. [For the puTIDose Of this problem, the so-called ssea-

November 1969 / Vol. 8, No. 11 / APPLIED OPTICS 2367



sored quantities were actually calculated fromn the thin-film correct n valties were olutaitted as long ask was kept strall enough.
optical constants in Rlef 4.1 After choosing a set of trial values If It was allowed to be larger, the n values werc iii error, the
of n and x for the silver sulfide films and using the computer amount of the error depending on the allowed magrnituidc of kt.
program, we obtain the values of n and kt shown as the solid lines We have asko assumed that. the film thickness was correctly
in Fig. a . Hlowever, our mneasured values, AMb and ARV known and had no error associated with it, iiot a realistic as-
are not exact, hut each ,unitaiis a measuring uncertainty of sumption. The effect of ant error in film thickness can easily be
±E0.001. To find the upiper limit of a values which can be a solu- determined by changing or~e o- both of the film thickt,esses by
tion, we choose a value of nt larger than that on the solid line the amount oif the supposed error and~ by noting what happenis
and restrict it to a ve:v. narrow range of values. We then use to the calculated optical colistatis. It is hot easy to generalize
the program to find a sinigle k value which gives the smallest on ttue effect of a thic'..ess error siiice it depends strongly oti the
DIF, and DIF 2. If these differences are less than 0.001 in ab- particul, r problem. rbowever, as the films become thicker and
solute value, we have a soloti,,n. However, we wanit the a value the two thicknesses become widely dlifferent from each other, a
where boith l)IF, anid l)IF2 are close to tt.M(l, so a larger n is constaint absolute error in t becoimes a smaller percenttage error
chiosenu until one is foundu where thluy ace. If either 1)1F, oir and thbus, has less effect on the soilioiut. Likewise, the ratnge o
1)1IF, is larger t hani t.001, we have rhiursi our intlial a too large sofijis for a atnd k becomes smaller with itncreasinig filmo thick-
anl nito reil ie it. We (-at siit lay foul the lower limit of ,sess atud event tially n atid k iecoie unlique.
n values usinig n's .utnaller than the niumubers on the solid curve. Iii eocliitu, we have described a method foruihtaititg optical
Ite.ijlts if these ealcitiomis are shown as the shuadedl area in cotustatts of a filmo for the ease wheti the film is ont ani opaque
Fig. 2. In this figure the short-ulashed a caurve and the short- substrate. The method dues not tuecessarily give ouique solu-
6ashed kt curve are solutiuots for which the AR',, are exactly tions uiless ,,the- iniformnatio~n about either n or kt is supplied.
±0.001 differenit from the original values; the long-dashed a and If either n or kt is kniowni exactly, unique sol'itions can lie oh-
It curves are also solutions satisfyinig this requirement. All taitied.
though these curves are strictly representative only of the par-
ticular example Or Silver sulfide Ulo 2,.,,uueua iations
can be drawn. At the long wavelength end of the region, the
AR,'s are small (AR,i = 0.0:17 anid AIi = 0.072 at. 500A so References
that an error of ±i0.0t ecates a large spread in ns. In contrast, 1. 1I. E. Betnnett, R. L. Peck, 1). K. Burge, and J. M. Benntett,
at 3400 AX,, ARti 0.178 atud AM~v = 0-4t03 so the percentage j. AppI. Phys., 40, 33;lfil (1969).
error in the AR's is smaller and a atid, k have a sr,,nller spreadl. 2. H. E. Bennuett, D). K. Burge, R. 1,. Peck, and J. M. Peutett,

Iii the preceding discitssion we huave been assuming that the J. Opt. Soc. Amer. 59, 675 (1969).
film wats absorbinug (i.e., kt tuotu.ero). If k is kno~wnu to liestrictly 3. 1). K. Burge, J. M. Benunett, It. 1,. Peck, atul 11. E. Benunett, in
zero, the iieth,,ul cat stll lie ii,eil lu'y rest rictinig k- tu, very smtall Proceediags of the Coafereace on e kreal Developmnuets in Ellip-

values whichi chuange the bys ~ les s thant the tmeasuring erroir. . o-netcy, to be piublished.
The pirogramu will t lien finud t lio correct n for t lie films (or t cy to 4. .1. M. Benniett, J. 1,. Staniford, and F. J. Ashley J. O pt. Soc.
converge oti two iiTeretut's if t(lie two t licktiesses have differeiit Amer. 59, 499)A (119M9).
nrci e intii' s). 'Flu p~lriiiiidi c wats tneil fur )t calcuilated 5. J. M. Benvett, and M. J. Booty, AppI. Opt. 5, 41 (1966).
(a-Ivef 11luitoinui "ideil ilitis ii alritniutt, antd we f,,unid that t lie 6. W. F. Koehler, J. Opt. Soc Amer. 45, 934 (19,55).
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